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Nano-Scale Matter

 Nature: Novel Phenomena
* reduced length and time scales
* emergent phenomena
e not merely scaling down!! o
 Experiment and Theory: New Strategies and Methodologies
e ultra-high saptio-temporal resolution
e atomic-scale manipulations
e simulations (quantum ab-initio and classical)
* Science-driven Novel Technologies

* New desigh concepts; new opportunities



THE INTERSECTION OF
TWO MAJOR EMERGENT MOVEMENTS

*SCIENCE AND TECHNOLOGY AT THE
NANOSCALE

*COMPUTATIONAL MICROSCOPIES -
COMPUTERS AS TOOLS FOR DISCOVERY

Viewing the nano-scale
-=-Pat Dehmer
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Computational Microscopy

Simulations of materials properties and processes
Computational experiments

Interpret (analysis of observations)

Unify (sets of observations)

Predict



Classica] Evolution

f"‘=“-b Q- ii:aarof‘j

3 =2
Rito), p (€
{ J P O)} -t.g-.- (f"to)

2
purspece [ wpel
point
) = Liouville opdvater

Hamiliontom Lagran Jr'an

10 (R, pte) 9 ( Ree, RLe)



Born-Oppenhe imer mp

Bo-LsD-mD
Bavnd#, Landmax ! PR R 94, 203/[93

Bo‘f‘h-o "‘J l'.uw
S “ww

%

/ {§} | \‘!“2;:: W "
oo _ “ e
/\‘ﬂ-';———: .-
MI@:F‘;I {RJ? +F,t1
e
- VRE‘JE:'{ Lt (2,



Oxidative damage to DNA
Counter ion-assisted addition of water

Robert N. Barnett, Angelo Bongiorno,
Charles L. Cleveland, Abraham Joy,
Uzi Landman, Gary B. Schuster

(Science, 2005)



Error-prone replication of
oxidatively damaged DNA by

a high-fidelity DNA polymerase
Gerald W. Hsu', Matthias Ober’, Thomas Carell* & Lorena S. Beese'

'Department of Biochemistry, Duke University Medical Center, Durham, North
Carolina 27710, USA

*Department of Chemistry and Biochemistry, Ludwig Maximilians University
Munich, Butenandtstrasse 5-13, D 81377 Munich, Germany

Aerobic respiration generates reactive oxygen species that
can damage guanine residues and lead to the production of
8-oxoguanine (80x0G), the major mutagenic oxidative lesion in
the genome'. Oxidative damage is implicated in ageing® and
cancer, and its prevalence presents a constant challenge to DNA
polymerases that ensure accurate transmission of genomic infor-
mation. When these polymerases encounter 8oxoG, they fre-
quently catalyse misincorporation of adenine in preference to
accurate incorporation of cytosine’. This results in the propa-
gation of G to T transversions, which are commonly observed
somatic mutations associated with human cancers®®. Here, we
present sequential snapshots of a high-fidelity DNA polymerase
during both accurate and mutagenic replication of 8o0x0G.
Comparison of these crystal structures reveals that 8oxoG
induces an inversion of the mismatch recognition mechanisms
that normally proofread DNA, such that the 8oxoG-adenine
mismatch mimics a cognate base pair whereas the 8oxoG-cyto-
sine base pair behaves as a mismatch. These studies reveal a
fundamental mechanism of error-prone replication and show
how 80x0G, and DNA lesions in general, can form mismatches
that evade polymerase error-detection mechanisms, potentially
leading to the stable incorporation of lethal mutations.
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Figure 1 Modes of base pairing for 8oxoG. a, Oxidation of guanine at C8 by

reactive oxygen species (ROS). b, 8oxoG in a Watson—Crick base pair with dC. Dashed
lines indicate potential hydrogen bonds. ¢, 8oxoG (syn) in a Hoogsteen base pair with dA
(anti).
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Charge migration in DNA:

ion-gated transport

R.N. Barnett, C.L. Cleveland. A. Joy, Uzi Landman,
G.B. Schuster, Science 294, 567 (2001)

School of Physics
Georgia Institute of Technology
Atlanta, Georgia USA







A-form RNA B-form DNA Z-for;ﬁ DNA

*DNA: Vehicle for inheritance in cellular life.
Oxidative reactions damage DNA.
Un-repaired damage can cause mutations.
*DNA: Applications in nanotechnology.
One dimensional conductor.
Molecular machines.
*DNA: A unique medium for chemical study.
Self-organizing properties.
Well-defined global structure.
Synthetic and analytical methods.
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Error-prone replication of
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a high-fidelity DNA polymerase
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'Department of Biochemistry, Duke University Medical Center, Durham, North
Carolina 27710, USA

*Department of Chemistry and Biochemistry, Ludwig Maximilians University
Munich, Butenandtstrasse 5-13, D 81377 Munich, Germany

Aerobic respiration generates reactive oxygen species that
can damage guanine residues and lead to the production of
8-oxoguanine (80x0G), the major mutagenic oxidative lesion in
the genome'. Oxidative damage is implicated in ageing® and
cancer, and its prevalence presents a constant challenge to DNA
polymerases that ensure accurate transmission of genomic infor-
mation. When these polymerases encounter 8oxoG, they fre-
quently catalyse misincorporation of adenine in preference to
accurate incorporation of cytosine’. This results in the propa-
gation of G to T transversions, which are commonly observed
somatic mutations associated with human cancers®®. Here, we
present sequential snapshots of a high-fidelity DNA polymerase
during both accurate and mutagenic replication of 8o0x0G.
Comparison of these crystal structures reveals that 8oxoG
induces an inversion of the mismatch recognition mechanisms
that normally proofread DNA, such that the 8oxoG-adenine
mismatch mimics a cognate base pair whereas the 8oxoG-cyto-
sine base pair behaves as a mismatch. These studies reveal a
fundamental mechanism of error-prone replication and show
how 80x0G, and DNA lesions in general, can form mismatches
that evade polymerase error-detection mechanisms, potentially
leading to the stable incorporation of lethal mutations.
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Nano-Scale Matter

Principles
e Self-assembly (“irrational” synthesis)

o Self-selection
abundance, size (magic nhumbers), shape!!

e Fluctuations

e Spontaneous Symmetry Breaking



‘ Emergent Phenomena I

Phenomena which are not the properties of
the individual elementary components
BUT of the assembly of such components

—> Often accompanied by
(Spontaneous Symmetry Breaking)
Phenomena which are not evident (and are
not part of) the formulation of the problem

Example:

H= ZH(i)+ ZV(i, N+ >V, j.k)

i,j,k



‘ Emergent Phenomena I

The movement from low-level rules
to higher-level sophistication

When agents residing on one scale
start producing behavior that lies
on a higher scale

Higher-level, large-scale, pattern
arising out of local interactions
between individual components

Ants — Colonies ; Urbanites — Cities
Atoms — Crystals ; Electrons — Wigner Crystallites
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Atomistic Mechanisms and Dynamics of
Adhesion, Nanoindentation, and Fracture

1Jz1 LANDMAN, W. D. LUEDTKE, NANCY A. BURNHAM, RICHARD ] CoLTeN

Molecular dynamics simulations and atomic force micros-
~opy are used to investigate the atomistic mechanisms of
adhesion, contact formation, nanoindentation, separa-
* tion, and fraciure that occur when a nickel tip interacts
with a gold surface. The theoretically icted and
experimentally measured hysteresis i the force versus
tip-to-sample distance relationship, found upon approach
and subs~quent separation of the tip from the sample, is
related to inelastic deformation of the sample surface
characterized by adhesion of gold atoms to the nickel tip
and formazion of a connective neck of atoms. At small tip-
sﬁk distances, mechanical instability causes the tip and
surface to jump-to-contact, which in turn Jeads to adhe-
sion-induced wetting of the nickel tp by gold atoms.
Subsequent indentatior: of the substrate results in the
onset of plastic deformation of the gold surface. The
atomic-scale mechanisms underlyin formation and
clongation of a connective neck, which forms upon -
ration, consist of structural transformations involving

elastic and yielding stages.

ics, and dynamics underlying the interactions and physical
esses that occur when two materials are brought
together (or separated) is fundamentally important to basic and
applied problems such as adhesion (1-7), contact formation (3-16),
surface deformations (7, 16, 17-24), materials elastic and plastic
response characteristics (17-24), marterials hardness (25-27), mi-
croindentation (6, 10, 26-29), friction and wear (16, 19, 30-32), and
fracture (33-34). These considerations have mouvated for over a
century (1, 3, 17-20) extensive theoretical and experimental research
endeavors of the above phenomena and their technological conse-
quences. Most theoretical approaches to these problems, with a few
exceptions (7, 14-16), have been anchored in continuum elasticity
and contact mechanics (17-25). Similarly, until quite recently (35—
8) experimental observations and measurements of surface forces
and the consequent marerials response to such interactions have
been macroscopic in nature.
The everlasting quest 1o understand and observe natural phenom-
ena on refined microscopic scales has led to the development of
conceprual and technological devices allowing the interrogation of

l ] NDERSTANDING THE ATOMISTIC MECHANISMS, ENERGET-

U. Landman and W, D. Luedtke arc in the School of Physics, Georgia Institute of
TWH.GASOSH.N,& Burnham and R. ], Colton are in the Surface
(J:amm_m J5trY Code 6177, Naval Rescarch Laboratory, Washingron, DC 20375~
3 3

454

materials with increasing resolution. On the experitnental fre o
d-velopments of the surface force apparatus (SFA) (36), of scaning
runneling microscopy (STM) (37), and of the related atomic foice
microscopy {AFM) (35) broaden our pesspeimives and abilities 1o
probe the morphology, electronic struczure, & 4 inature of 1 i
atomic forces in materials, as well as enhance v abiliv
manipulate materials on the atomic scale (38).

On the theorerical front, recent advances in 1. farmulation and
evaluation of the energetics and iNEELETOMIC ke 2 FonS 1 Mateny it
{7, 39), coupled with ‘he development and umpiementatiol. of
computational methods and simulation techmques {7, #0), upti
new avenues for inv--tigations of the microscopic origins of comiple:.
materials phenomena. In particular large-scale molecular dynan ‘cs
computer simularions, which are in a sense computer experiments,
where the evolution of a system of interacting particles is simulated
with high spatial and temporal resolution by means of direct integra-
tion ~f the particles’ equarions of motion, have greatly enhanced our
understanding of 1 broad range of materials phenomena.

Although our Knowledge of interfacial processes occurring when
two material bodies are brought together has significantly pro-
gressed since the original presentation by Heinrich Herz before thr
Berlin Physical Society in January 1881 of his theory of the contact
of elastic bodies (17), full microscopic understanding of these
processes is still lacking. Moreover, it has been ized thar
continuum mechanics is not fully applicable as the scale of the
material bodies and the characteristic dimension of the contact
between them are reduced (24, 41). Furthermore, it had been
observed (19, 27) that the mechanical properties of materials exhibit
a swrong dependence on the size of the sample (small specimens
appear to be stronger than larger ones). Since the junctions berween
contacting solids can be small, their mechanical properties may be
drastically different from those of the same materials in their bulk
form. Consequently, the application of the newly developed theoret-
ical and experimental techniques tc these problems promises to
provide significant insights concerning the microscopic mechanisms
and the role of surface forces in the formation of microcontacts and
1o enhance our understanding of fundamental issues pertaining
interfacial adherence, microindentation, structural deformations,
and the transition from elastic to clastoplastic or fully devcloped
plastic responsc of marerials. Adeitionally, studies such as those
described in this paper allow critical assessment of the range af
validity of continuum-based theorics of these phenomena and could
inspire improved analytical formulations. Finally, knowledge of the
interactions and atomic-scale processes occurring berween small tips
and materials surfaces, and their consequences, is of crucial impor-
tance to optimize, control, interpret, and design riments ¢
ploying the novel tip-based microscopics (6, 7,13, 14, 16, 32, 35 38,
42-47).

SCIENCE, VOL. 24%
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Force and conductance
measurements of gold nanowires.

Ii11ll||1|ll||

conductance (2e’/h)

IIlilllIl‘lllIlllt

L

|

| 1 giar 0 Sy

0.5 1.0 1.5
tip displacement (nm)

Nanowires



G (g,)

iy
- (a)_
1 AA A‘.. —
— ."‘"
(5]
® ¢
) R D R B R R L
" 12 13 14 15 16 17 18
L (R)




The Journal of

Physical Chemistry B

Volume 103 October 21, 1999 Number 42

Effect of Chemical Modification of Structure
on the Conductance in Gold Nanowires
(see page 8814)

CONDENSED MATTER,
MATERIALS, SURFACES,
INTERFACES, & BIOPHYSICAL

Halkbpay, Bavpett, Landmay

455 PUBLISHED WEEKLY BY THE AMERICAN CHEMICAL SOCIETY
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Highly Confined Classical and Quantum Liquids:

Nanojets, Nanotribology, and Quantum Dots

Colloid Thruster MD Qimulation

Luedike, Landman

PHYSICS TOORY

JuLy 1998

{  The Journal of
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CONDENSED MATTER,

P lesigie oy Electron Molecule

) T— _ i Wigner Crystallite

LUBRICATION: FACTS AND FRICTION
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LUBRICATION: FACTS AND FRICTION
Ga 0, Lugdthe , Lesidm. .
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>-0.02 eV

-0.1 ~-0.02 eV
-0.18 ~ -0.1 eV
<-0.18 eV
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Friction Flicks

Computer animation offers insigbts into friction’s molecular underpinnings

By JANET RALOFF

andman’s team provides a Cray
l supercomputer with a cast of char-
acters whose personalities are de-
termined by the physical and chemical
forces that govern how they interact with
their neighbors. Then the scientists set a
theoretical stage and allow the simulated
characters to improvise their way
through a hypothetical scene.

A camera records the evolving chore-
ography of these silent players — a com-
plex drama simulating reactions on a
scale beyond resolution by the human
eye, motions that occur on stage sets
measured in billionths of a meter. By
replaying this drama over and over —
some portions in frame-by-frame slow
motion — tribologists are gleaning in-
sights into how lubricants function.

iction? No, a number of re-
Fsearchers say. Indeed, Landman
says, although the movie cannot

yet quantitatively depict the real world,
qualitatively “it's not far off.”

SCIENCE NEWS Vol 141, pp 360 — 362 (1992)
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QOscillation-Induced Disordered
Low Friction State

Friction Reduction and Control by Appiiec
Oscillations to 2 Confined Molecular Film
(see page 5033}

AVAILABLE
ON THE WER

http:/fpubs.acs.ang




Friction Control in Thin-Film Lubrication

Oscilllation-Induced Disordered
Low Friction State

Friction Reduction and Control by Applied
Oscillations to a Confined Molecular Film

Nanotribology
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Two Fluid Drop Snap-Off Problem: Experiments
Physicol Beview  aimeoy

Itai Cohen, Michael P. Brenner, Jens Eggers, and

Fm Sidney R. i’ﬁfagel

Phys. Rev. Lett. 83, 1147 (9 August 1999)

Watching the Faucet Drip

11 August 1999

When the faucet drips, most people call the plumber or get out
their tools, but some physicists are content to study the
phenomenon instead. The equations describing the pinch-off of a
drop of water are so difficult mathematically that they’ve only
recently been solved. The problem is of interest in fields as
disparate as black holes and ink jet printers. According to the
9 August PRL, a drop’s break-off point exhibits fractal
properties--a slice through it looks the same at any time if you
rescale the axes. The authors confirmed that theoretical
prediction with their own version of a dripping faucet where
drops of one type of fluid drip through a different fluid.

Understanding the way fluid flows break into drops is useful for
industry, in such areas as the mixing of chemicals and designing
ink-jet printers, but the mathematics goes beyond these direct
applications. At the moment of pinch-off, parts of the equations
become infinite in a way that appears in other areas of physics,
such as fluid turbulence, star formation, and the gravity around
black holes. Sidney Nagel of the University of Chicago and his
colleagues hope that studying this simple and controllable system
will provide insights into these other problems as well.

Nagel and his colleagues have previously observed liquids of
different viscosities dripping through air, but in those
experiments they could never directly verify one of the most
interesting predictions from theory. According to simulations, a
snapshot of the pinch-off zone taken at any time during the
process should look like one at any other time, except for a
rescaling of the axes--a property called self-similarity.

In their latest experiments, the team trained their high-speed
video camera on a nozzle dripping glycerin/water mixtures
through silicone and other oils. University of Chicago team
member Itai Cohen says one motivation for these experiments for
him was the beauty of the slowed-down action. "If you’ve ever
looked at a lava lamp [fluid] snapping off, it’s just really pretty,"
he says. The researchers managed to overlay profiles of the
budding drop from three different times within the final 50 ms

Phys. Rev. Lett. 83, 1147 (1999)

Physicist’s lava lamp. Glycerin drips
through a viscous oil, showing the details
of pinching off in slow motion.
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Gold anions
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Gold Cluster as a Catalyst for CO oxidation reaction

Supported gold cluster : Au /MgO(FC)-
Sanchez, et. al. JPC A 103 9573 (1999)

Au, on defect-rich MgO (100), 8<n <20 ' g
Low temperature combustion of CO . 2 _.:‘***“ i
L, oxygen vacancy F- I
centers e gl A
Au, on defect-poor MgO (100) : S IREEA U R,
Very small combustion of CO N s Bl
Electron transfer from F-Center to EL g [T g
gold cluster plays an essential role in| *..| B e
the activation of gold clusters as| o .. =g
catalysts for CO combustion. A

Temperature [K]

Au,” in gas phase : predicted theoretically as a catalyst for CO
oxidation and later confirmed experimentally.

Hakkinen and Landman, JACS 123 9704 (2001)
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Adsorption of Aug on MgO without/with F-Center

Au8/MgO Au8/MgO(FC)

‘Q t\ﬂw,‘ Q;h

?k&:’#‘_ .
(R

II|

BEAM8 =1.22 eV BE, =3.44eV
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op >0 op <0

AQ(Auy/MgO)=0.82¢ AQ(Au,/MgO(FC))=1.44e
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Heterogeneous Catalysis

Vital Role of Moisture in the Catalytic A ctivity of
Supported Gold Nanoparticles®*

Masakazu Daté,* Mitsutaka Okumura,
Susumu Tsubota, and Masatake Haruta

Why can inert gold become catalytically active only when
dispersed in the form of nanoparticles?—This simple ques-
tion has attracted growing interest in the field of not only
catalytic and industrial chemistry'* but also cluster and
theoretical science.” 7l To answer this question, CO oxidation
has been intensively studied as a model reaction. The
rcaction is known to be greatly influenced by moisture 1n the
reactant gas.'™" However, only a few recent studies discuss
the reaction mechanisms taking water into account.'®"™ Even
in these studies on the effect of moisture, for practical reasons,
the addition of water vapor has been examined only at high
concentrations.
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Figure 2. Turnover frequencies per surface gold atom at 273 K for CO
oxidation over a) Au/TiO,, b) Au/Al,O; and c) Au/SiO, as a function of
moisture concentration. Upright arrow indicates the saturation of CO
conversion.



CO+H,0 %+ CO,+H, (1)

O,(P)+H,0O(s) —= O*(p)+20H(p)  (2a)
20H(p) — O*(p)+H,0(s) (2b)

CO(Au) +0O*(p) = COO(p) =+ CO,(9) (3)

CO,(p) +H,0(s) —* CO;H(p)+OH(p) (4a)

COzH(p) — CO,(9)+OH(p) (4b)
CO(Au) +O,(p) — CO4(p) (5a)
COO(p) +O*(p) —= CO;(p) (5b)

Scheme 1. Possible reaction steps at around the perimeter interfaces
between gold and oxide support. (p), (s) and (Au) represent the
adsorption at the perimeter interfaces, support surfaces, and Au surfa-
ces, respectively, while (g) denotes the gas phase. O* indicates the
activated oxygen species.
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TABLE I. Energies (in V) for the adsorption and coad-
sorption of Oz and H20O on free (Aug and Ausg) clusters and
on a gold octamer supported on MgO(100), i.e. Aus/MgO,
In the case of the Aug/MgO system, results are given for
both the adsorption on the top-facet of the gold cluster clus-

ter (-T) and at the peripheral interface of the cluster with the
substrate (-P).

o H.0 02-H20

Aug unbound ~().3 0.4—0.9
Angg <0.4 0.3—0.6 0.7=0.9
Aus/MgO-T <0.1 0.2-0.3 0.5—1.2
Aug/MgO-P 0.3-0.8 0.4—0.6 1.3-2.1
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Surface States of Excess Electrons on Water Clusters

R. N. Barnett, Uzi Landman, and C. L. Cleveland
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

and

Joshua Jortner

School of Chemistry, Tel Aviv University, 69978 Tel Aviv, Israel
(Received 29 April 1987)

Electron attachment of water clusters was explored by the quantum path-integral molecular-dynamics
method, demonstrating that the energetically favored localization mode involves a surface state of the
excess electron. The cluster size dependence, the energetics, and the charge distribution of these novel
electron-cluster surface states are explored.
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Dynamics of Electron Localization, Solvation, and Migration in Polar Molecular Clusters

R. N. Barnett," Uzi Landman, "’ and A. Nitzan®
MSchool of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

@ School of Chemistry, Tel Aviv University, 69978, Tel Aviv, Israel
(Received 19 August 1988)

The time evolution of electron localization, migration, and solvation in water and ammonia clusters is
investigated via computer simulations. The attachment of an electron to a cold molecular cluster in a
diffuse weakly bound surface state, the dynamics of solvation, the nonhopping mechanism of migration
leading to the formation of an internally solvated state, and the spectral manifestation of these processes
are demonstrated.
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Photoelectron counts

Observation of Large

Water-Cluster Anions with
Surface-Bound Excess Electrons

J.R.R. Verlet,” A. E. Bragg,1 A. Kammrath,’

O. Cheshnovsky,” D. M. Neumark'3*

SCIENCE VOL 307 7 JANUARY 2005
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THE INTERSECTION OF
TWO MAJOR EMERGENT MOVEMENTS

*SCIENCE AND TECHNOLOGY AT THE
NANOSCALE

*COMPUTATIONAL MICROSCOPIES -
COMPUTERS AS TOOLS FOR DISCOVERY



Small is Different

The non-scalable regime

Non-scalable
regime
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